Huanglongbing (HLB), also known as citrus greening disease, is a disease of citrus which affects citrus crops in Asia, Africa, the Arabian Peninsula, Brazil, and, most recently, the United States (3, 17) . Fruit from trees infected with HLB can be immature, misshapen, or bitter, and the productive lifespan of an infected tree is dramatically reduced. Currently, there is no known treatment or cure for HLB. Unknown in the United States prior to its detection in Florida in 2005, HLB has spread rapidly through much of Florida and has also been detected in several other states, recently including Texas and California (48) . The suspected causal agent of HLB in the United States is the phloem-limited bacterium 'Candidatus Liberibacter asiaticus', though different proposed species ('Ca. L. africanus' and 'Ca. L. americanus') are associated with the disease in other regions of the world (3, 17) . To assist with efforts to develop a treatment or cure for HLB, it is crucial that the suspected causal agent be successfully cultured under laboratory conditions to aid in its study; however, a reliable method for 'Ca. L. spp.' culture has not yet been developed.
Several efforts have been made to culture 'Ca. L. asiaticus,' none of which have been entirely successful or reproducible. One attempt to isolate 'Ca. L. asiaticus' in pure culture using a medium designed for a related bacterium resulted in the co-culture of 'Ca. L. asiaticus' and an actinobacterium related to Propionibacterium acnes (9) . Though P. acnes is a typically commensal member of human skin flora and, thus, was likely introduced to the culture via handling contamination (52) , this co-culture may be indicative of the need of 'Ca. L. asiaticus' to obtain additional nutrients, chemical signals, or some other environmental modifications through a mutualistic relationship with another bacterium to grow efficiently in vitro. Most recently, the medium Liber A was described for the growth of all three proposed Liberibacter spp. associated with HLB (42) . As reported by the authors, colonies were observed on solid medium after 3 to 4 days, and viability was lost after four to five serial colony transfers (each with duration of 10 to 14 days). In liquid medium, cells clumps were visible after 7 to 10 days. The carbon source in Liber A medium is citrus vein extract (CVE), prepared by filter sterilizing blended sections of petioles and midveins from young citrus leaves. Though this approach is ostensibly the most successful to date for culturing 'Ca. L. spp.', the fact that the medium is based on a complicated extraction of nutrients from plant material implies that reproducibility of the media composition will be difficult. Accordingly, no other research has been published using Liber A as a culture medium. Furthermore, this approach yields a nondurable culture (17) , which indicates that, even if a standardized CVE were available, the culture method is still insufficient.
Due to the need for a more robust, reproducible culture method, the current study was conducted to explore conditions that might contribute to prolonged 'Ca. L. asiaticus' cell viability. It was previously demonstrated that quantitative polymerase chain reaction (qPCR) in conjunction with ethidium monoazide (EMA) can be used to determine the viability of 'Ca. L. asiaticus' cells (51) . Therefore, this method was employed to determine 'Ca. L. asiaticus' cell viability over time in different culture media. It was Waltham, MA) with simultaneous measurement of B, Ca, Cu, Fe, K, Mg, Mn, Na, Ni, P, S, and Zn, as previously described (7) . Samples were digested for 30 min at 99°C and overnight at room temperature (to completion) in 200 µl of Optima metal-free concentrated nitric acid (Fisher Scientific, Pittsburgh). After dilution with ultrapure, metal-free water and centrifugation at 13,000 × g to remove any remaining particulates, samples were analyzed. Metal concentrations were determined by comparing emission intensities with a standard curve created from certified metal standards (SPEX CertiPrep, Metuchen, NJ). Standard curves were confirmed by reanalysis of standard solutions diluted in a matrix equivalent to the sample. Individual readings are the average of two intensity measurements variable by <5%.
Organic components characterization. Sugars, amino acids, and organic acids in media were characterized by gas chromatography-mass spectrometry (GC-MS). For the sugar derivatization, samples were diluted 1:5 in distilled water, and 5 µl was transferred to a 2-ml microreaction vessel and dried under a nitrogen stream. The dried sample was mixed with 30 µl of MOX Reagent (Thermo Fisher Scientific, Waltham, MA) and allowed to react for 17 h at room temperature (18) . Finally, the sample was mixed with 80 µl of N-methyl-(N-trimethylsilyl) trifluoracetamide for 2 h at room temperature, and 0.3 µl of derivatized sample was injected into the GC-MS running in full-scan mode. Sucrose, glucose, and fructose standards (5, 2.5, 1.25, and 0.62 µl at 10,000 ppm) (Fisher Scientific) were dried and derivatized as described above for quantification of unknowns. For amino acids, 40 µl of amino acid standards or media samples were transferred to a 1-ml GC-MS silanized insert, derivatized with methylchloroformate (MCF), and analyzed as described (46, 55) . Arginine cannot be detected by the MCF method (6) .
Derivatized samples were analyzed using a Clarus 500 GC-MS system (Perkin Elmer) fitted with an HP-5ms column (0.22 mm i.d. by 50 m in length by 0.025-µm film thickness) (Agilent Technologies, Santa Clara, CA). The helium carrier gas flow rate was 0.7 ml/min. A modified temperature program was used (55): 70°C for 5 min, increase to 180°C at a rate of 10°C /min, hold for 2 min, increase to 280°C at 10°C/min, hold for 1 min, increase to 300°C at 10°C/min, and hold for 5 min. The injector and detector temperatures were 250 and 180°C, respectively.
GC-MS chromatograms were analyzed and normalized using internal standards in TurboMass software (version 5.4.2; Perkin Elmer). Peaks were identified using the Wiley Registry 9th Edition/NIST 2011 Mass Spectral Library (National Institute of Standards and Technology, Gaithersburg, MD; John Wiley and Sons, Hoboken, NJ). Identification was confirmed by comparing sample retention time and mass spectra with available standards.
Time-series experiments. Experiments were conducted to test the viability of 'Ca. L. asiaticus' in each of the different culture media over time. For each time-series, an experiment was defined as the group of cultures started with 'Ca. L. asiaticus' inoculum derived from only one pomelo fruit, with two separate experiments (from two separate pomelo fruit) often being initiated on the same day. For each media treatment, 50 ml of media was added to two independent replicate 250-ml sterile glass Erlenmeyer flasks. Immediately after inoculum preparation, each flask was inoculated with 5 ml of 'Ca. L. asiaticus' inoculum. The contents were mixed, and flasks were stoppered with sterile foam plugs covered with foil and stored in the dark at room temperature. Starting immediately after inoculation, samples (pseudoreplicates) were collected from each flask every other day, treated, and stored as described below. Five initial time-series experiments with variable experimental designs were conducted from April to October 2011 (Table 1 , experiments 1 to 5). Subsequently, eight identical time-series experiments were conducted in November 2011 (Table 1 , experiments 6 to 13), followed by four similar experiments in 2012 (Table 1 , experiments 14 to 17).
At each time point, six 200-µl pseudoreplicate samples from each flask were aliquotted into 1.7-ml microtubes. Half of these samples from each flask (n = 3) were treated with EMA according to previously described methods for 'Ca. L. asiaticus' (51) that were based on previously optimized and validated methods (35, 36) . Briefly, EMA (5 mg/ml) was added to each sample to achieve a final concentration for EMA of 100 µg/ml, and samples were incubated in the dark for 5 min with occasional inversion. Then, EMA-treated sample tubes were opened, placed on ice, and exposed to a 700-W halogen lamp at a distance of 20 cm for 2 min. All samples, both EMA-treated and nontreated, were then stored at -80°C until being used for molecular analyses.
During the time series, flasks were monitored for visual evidence of co-cultured (non-'Ca. L. asiaticus') bacterial growth, presumed to be any rapidly growing bacteria. For experiments 6 to 13, cultures were also monitored for growth of bacterial colonies ('Ca. L. asiaticus' or co-cultured bacteria) on solid media. Culture samples (100 µl) from each flask were spread plated on K and G50 media agar plates at the initial and fourth time points for experiments 6 to 9 and at the initial time point only for experiments 10 to 13. All plates were incubated under the same conditions as the flasks and checked regularly for growth.
Biofilm analyses. During time-series experiments, it was noted that a biofilm-like substance reproducibly formed at the air-liquid interface of the flasks. At ≈2 months after the time-series experiments were concluded and production of this biofilm-like substance (henceforth referred to as "biofilm") had stopped, analyses were performed to compare the amount of biofilm between treatments. The thickness of the biofilm ring formed in each flask was semiquantitatively assessed for experiments 6 to 13 and 16 to 17 using the following scale: 0 = none, 1 = trace, 2 = medium, and 3 = thick. To determine whether 'Ca. L. asiaticus' was present in this biofilm, the biofilm was collected from each flask from experiments 6, 16, and 17 for analysis. First, all media containing planktonic cells were removed and saved. The flask was rinsed twice with 1 ml of water, carefully, so as not to disturb the biofilm, and 2 ml of K medium was added. The biofilm was scraped off and resuspended in the media. Samples of the biofilm suspension and the media with planktonic cells, both EMAtreated and untreated as previously described, were saved for subsequent molecular analyses.
To determine whether the biofilm-like substance was biofilm, the presence of intact bacterial cells surrounded by an exopolysaccharide (EPS) matrix was assessed. Replicate 50-ml conicals containing 10 ml of K or G medium were inoculated with 1 ml of seed inoculum (same inoculum as experiment 16). Glass slides were inserted into each conical and cultures were incubated for ≈2 months, during which time biofilm formed on them. Slides were removed and dipped twice in 1× phosphate-buffered saline (PBS). The LIVE/DEAD BacLight Bacterial Viability and Counting Kit (Life Technologies Corporation, Grand Island, NY) was used to stain the biofilm according to the manufacturer's directions. Slides were again dipped in PBS. A solution of calcofluor white at 10 mg/ml was applied to cover the biofilm and allowed to stain it for 15 min in the dark, and slides were dipped again in PBS. Micrographs were taken on a Nikon Eclipse Ti inverted microscope (Nikon, Melville, NY) at ×40 fluorescent optics using NIS-Elements imaging software (Ver. 3.0; Nikon). qPCR analyses. EMA-treated and nontreated samples were processed with a modified cetyltrimethylammonium bromide DNA extraction procedure (11) , and DNA pellets were resuspended in 25 µl of molecular-grade water. qPCR using the previously described HLBas/HLBr/HLBp primer and TaqMan probe set (26) was then used to quantify 'Ca. L. asiaticus' DNA in each sample. A duplicate four-point standard curve consisting of 10-fold serial dilutions of the plasmid pLas16S (described below) was amplified alongside the samples in each qPCR for quantification of the unknowns. Aliquots of standards were used twice and then disposed of to avoid degradation. DNA was amplified on an Applied Biosystems 7500 Real-Time PCR System (Life Technologies Corporation) in reactions (20 µl) containing the following components: 1× ABsolute Blue QPCR ROX Mix (ABgene UK, Epsom, Surrey), 0.25 µM each primer, 0.15 µM probe (labeled 5′-6FAM, 3′-BHQ1), and 1 µl of DNA template. Cycling parameters were 95°C for 15 min, followed by 45 cycles of 95°C for 15 s and 58°C for 1 min. Samples were diluted 1/10 and reanalyzed as needed to overcome reaction inhibition. Reaction efficiencies of 90 to 110% were confirmed for each qPCR run.
Plasmid standard for 'Ca. L. asiaticus' quantification. The primer HLBas used in TaqMan qPCR detection of 'Ca. L. asiaticus' (26) is missing a G between base 14 and 15 (6 bp from the 3′ end) that is present in the target genomic sequence (Supplemental Figure 1) . This base is also missing from the OI1 primer used for amplifying 16S sequences (23) and from plasmid standards used for 'Ca. L. asiaticus' quantification (27) . This error in primer sequences leads to a perfect match to plasmid standards but a sequence mismatch to target 'Ca. L. asiaticus' DNA. To determine whether this mismatch affected 'Ca. L. asiaticus' quantification using HLBas, a plasmid standard (pLas16S) was constructed with the corrected 'Ca. L. asiaticus' 16S rDNA sequence by amplifying the target fragment and surrounding sequences. The sequence was amplified with the nonspecific forward primer EJ044 5′-GGAGACGTGGACGGCGGTTT-3′ and the reverse primer OI2c (23) . The amplicon was gel purified using the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA) and cloned into the pDrive cloning vector using the Qiagen PCR Cloning Kit and transformed into Escherichia coli DH5α. The construct was confirmed by DNA sequencing. Comparison of standard curves made from pLas16S and a similar plasmid (pHLBas) containing the primer sequence constructed as above with a PCR product of primers HLBas and OI2c showed that the sequence mismatch led to a 1.8 to 4.2 log underestimation of target sequence concentrations (Supplemental Figure 2) . Therefore, pLas16S was used for accurate quantification in the experiments described here.
16S rDNA next-generation sequencing. Triplicate DNA samples from initial inoculum (I) and post-experiment biofilm (BF) and planktonic (P) fractions from time-series cultures were pooled from experiment 6, for a total of eight pooled samples: I, K BF, K P, G50 BF (two replicates), G50 P, G BF, and G P. DNA was quantified using a Qubit 2.0 fluorometer and double-stranded DNA HS Assay Kit (Life Technologies Corporation). The V4 region of the 16S rDNA gene from samples was PCR-amplified on a MyCycler Thermal Cycler (Bio-Rad Laboratories, Hercules, CA) using the previously published F515/R806 primer set (4), with the reverse primer being individually barcoded for each sample. PCR reactions (40 µl) contained 1× KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Woburn, MA), 10 µM each primer, and 10 to 30 ng of DNA. Cycling parameters were 95°C for 2 min; followed by 12 cycles of 98°C for 20 s, 61°C (decreasing 1°C/s) for 30 s, and 72°C for 30 s; followed by 20 cycles of 98°C for 20 s, 50°C for 30 s, and 72°C for 30 s; with a final step of 72°C for 10 min. Two samples (G50 P and G BF) could not be amplified due to insufficient availability of DNA.
Amplified samples were ethanol precipitated and pellets were resuspended in 15 µl of molecular-grade water. Amplification was confirmed by gel electrophoresis, and amplicons from successfully amplified samples were quantified using the Qubit and pooled at equimolar concentrations. The pooled library was size selected using the E.Z.N.A. NGS Clean-IT Kit (Omega Bio-Tek, Norcross, GA) to remove smaller fragments. The pooled library was again quantified using the Qubit, diluted to 6.1 pM, and sequenced on an Illumina MiSeq Personal Sequencer (Illumina, San Diego, CA) along with 30% PhiX control.
Paired read sequences were assembled into contigs using Geneious version 5.4.6 (created by Biomatters; www.geneious. com). Sequences of bacterial origin (the bacterial metagenome) were identified using Geneious to exclude chloroplast, mitochondrial, or phage-derived sequences from further analyses. The Ribosomal Database Project (RDP) Classifier version 2.5 (8) was used to assign taxa to bacterial contig consensus sequences generated in Geneious using a confidence threshold of 60%. The GenBank database in conjunction with the blastn algorithm was also used to confirm operational taxonomic unit (OTU) similarity. Paired read sequences are available at the Sequence Read Archive (accessions SRR786740 and SRR786989-SRR786993). The National Center for Biotechnology Information BioProject accession is PRJNA193341, and the BioSample accessions are SAMN01983988, SAMN01983993, and SAMN01984091 to SAMN01984093.
Data analyses. To assess overall temporal trends in 'Ca. L. asiaticus' cell concentration and viability, the means and standard errors of qPCR data from all initial time point samples from all experiments (Table 1) were calculated. Means and standard errors from all time points were calculated for experiments 4, 5, 6, and 11. Outliers were identified as maximum and minimum values which were >0.5 log larger or smaller, respectively, than the next closest value and were removed prior to these calculations. Means and standard errors were then plotted by experimental start date for experiments 5 and 6. Samples were compared at each time point between the different media types using Wilcoxon-MannWhitney rank-sum tests implemented in Statistix (v. 8.0; Analytical Software, Tallahassee, FL).
Mean and standard errors were calculated for ICP-OES nutrient concentrations for K (n = 6), J50 (n = 10), G50 (n = 6), and G (n = 4). Comparisons of nutrient concentrations between different media types were made using one-way analysis of variance (ANOVA) or Kruskal-Wallis for non-normal data and means separated by Fisher's protected least significant difference test (P < 0.05) using Statistix 8.0. GC-MS data were statistically analyzed using one-way ANOVA followed by Tukey's test to compare compounds among media (P < 0.05).
A Kruskal-Wallis test and a post-hoc test using WilcoxonMann-Whitney rank-sum tests with Bonferroni correction were used to identify significant differences (P < 0.05) in biofilm formation between media types. These tests were performed in the R v2.15. . For the two experiments for which qPCR of the complete time series was conducted ( Fig. 1) , average percent viability throughout the course of the experiment (excluding the initial time point, day zero) was determined. For experiment 5, average 'Ca. L. asiaticus' percent viability in K was 4% (range 0 to 12%) whereas, in juice-containing media, it was 36% (range 10 to 64%). For experiment 6, average 'Ca. L. asiaticus' percent viability in K was 2% (range 0 to 7%) and in juice-containing media it was 37% (range 12 to 68%). Over the course of these time series, the maximum ratios of 'Ca. L. asiaticus' to initial 'Ca. L. asiaticus' were 7.6 (total) and 15.0 (viable) in experiment 5 and 5.7 (total) and 5.6 (viable) in experiment 6.
All four experiments also show a particular cyclical oscillating pattern in 'Ca. L. asiaticus' concentrations over time that can occasionally be weakly observed in K media cultures before all cell viability is lost but is pronounced in all juice-containing cultures throughout the time series (Fig. 1) . This pattern is evident
Annual trends in 'Ca. L. asiaticus' concentration and viability. Initial 'Ca. L. asiaticus' culture concentrations of all experiments (Fig. 2) were variable through the year but showed an overall annual trend, which reflects the concentration of 'Ca. L. asiaticus' present in the pomelo seed (culture inoculum source). Total as well as viable 'Ca. L. asiaticus' cell concentrations increased as the year's fruit crop ripened, peaking around September (Fig. 2) . After this point, total and viable 'Ca. L. asiaticus' cell concentrations decreased for the rest of the crop season. The percentage of viable 'Ca. L. asiaticus' cells is somewhat variable but is generally ≈16% (range 4 to 34%) (Fig. 2) .
Media characterization. Media characterization via measurements of pH, salinity, Brix, mineral element, and organic compound concentrations showed that the composition of each medium was consistent between experiments ( Figs. 3 and 4 ; Tables 2  and 3 (Fig. 3) .
Mineral element concentrations of most elements analyzed (Ca, K, Mg, B, Cu, Fe, Mn, Ni, and Zn) in media that support 'Ca. L. asiaticus' viability (e.g., G) were significantly (P < 0.05) higher than in K, a medium nonconducive for 'Ca. L. asiaticus' viability. The exceptions were Na and S, which were more abundant in K than G. Comparison of juices from 'Ca. L. asiaticus'-infected pomelo (J50) and presumably healthy commercially available grapefruit (G50) indicates that 'Ca. L. asiaticus'-infected fruit had significantly (P < 0.05) lower concentrations of Mg, P, and S, whereas the other elements were nonsignificantly different (P > 0.05). Differences were also found in the organic compounds analyzed. Medium G had significantly (P < 0.05) higher concentrations of alanine, serine, and, particularly proline and aspartic acid, which were both 20-fold higher in G than K ( Table 2 ). K had roughly twofold (P < 0.05) more isoleucine compared with G. Compounds such as succinic acid, γ-aminobutyric acid, malic 
of proline and citric acid compared with G50.
Biofilm characterization. Assessments of the amount of biofilm visible at the air-liquid interface of culture flasks from experiments 6 to 13, 16, and 17 indicated that the amount of biofilm was greater in all media containing juice (J50, G50, and G) compared with medium K (Fig. 5) . A significant effect of media type on biofilm amount (P < 0.001) was found. Post-hoc tests showed that significant differences occurred between K and all the juice-containing media (J50, G50, and G) (P < 0.001). Fluorescent images of the biofilms formed on glass slides during experiment 16 (Fig. 6 ) also showed characteristic differences between biofilms formed in different media. In media K, after ≈2 months of incubation, the majority of the biofilm was composed of dead cells whereas, in media G, the majority of biofilm was composed of live bacterial cells (Fig. 6 ). An EPS matrix was clearly evident surrounding cells in both biofilms (Fig. 6) .
Quantification of 'Ca. L. asiaticus' in biofilm and planktonic fractions. qPCR analysis of biofilm samples collected after the end of time-series experiments 6, 16, and 17 indicated that 'Ca. L. asiaticus' was rarely detected in biofilm from K medium, whereas it was always detected, and in higher concentrations, in biofilm from juice-containing media (Fig. 7) . Furthermore, viable 'Ca. L. asiaticus' were only detected in biofilm from juice-containing media (Fig. 7) . For comparison, planktonic samples collected at the same time were analyzed. Results indicate that, though some 'Ca. L. asiaticus', including viable 'Ca. L. asiaticus', were present in K planktonic samples, concentrations were always at least 1 log lower than in the corresponding G planktonic sample from the same experiment.
Bacterial populations in inocula and cultures. Visual evidence of co-culture in culture flasks (i.e., rapid overgrowth) was limited. Typically, a slight increase in turbidity occurred in the flasks over the course of the time-series experiments. Varying degrees of bacterial growth were seen on the K agar spread plates from the November 2011 experiments (experiments 6 to 13), ranging from no colonies to hundreds of colonies or confluent growth. No bacterial growth was evident on G50 agar plates.
For further characterization of bacterial populations present in initial inocula and cultures, next-generation sequencing was used. Amplification of the V4 region of the 16S rDNA gene was obtained from six experiment 6 samples: I, K BF, K P, G50 BF (two replicates), and G P. Paired assemblies of 16S rDNA V4 region reads from bacteria (sequences of chloroplast, mitochondria, and phage origin excluded) were then used to determine relative abundance of the six predominant bacterial genera within each amplified sample, with the remaining bacterial reads assigned to the category "other bacteria".
From the sequenced seed inoculum I, 526 bacterial reads were assembled into 39 contigs. The total number of bacterial reads Fig. 4 . Nutrient concentrations in culture media as determined by inductively coupled plasma optical emission spectrometry. Values are mean (± standard error) from September to November 2011 experiments (experiments 4 to 13) for each medium: K (n = 6), J50 (n = 10), G50 (n = 6), and G (n = 4). Different letters above bars indicate statistically significant differences between the different media based on one-way analysis of variance or Kruskal-Wallis for non-normal data and means separated by Fisher's protected least significant difference test (P ≤ 0.05). y Because malic and citric acids showed large peaks by GC-MS, they were quantified using total ion chromatography (TIC). z Values represent mean and standard deviation (n = 3) of concentrations of each compound in the four different media used in this study. K = one-third dilution of King's B medium; J20, J24, J25, and J50 = K combined with 20, 24, 25, and 50% juice (from infected fruit), respectively; G50 = equal parts K and commercial grapefruit juice; and G = 100% commercial grapefruit juice. Different letters in the same row indicate significant difference (P < 0.05) according to one-way analysis of variance and Tukey's test. ND = nondetectable, or below detection limit.
from the inoculum was low due to the high percentages of contaminating chloroplast (68%) and mitochondrial (29%) reads. 'Ca. L. asiaticus' was the primary bacterial component of the seed inoculum at 54% of bacterial reads. The other predominant bacteria in the sample were, in order of prevalence, species of Flavobacterium (6%), Pedobacter (6%), Nevskia (4%), Bacillus (4%), and Sediminibacterium (3%). Three samples from juice-containing media were sequenced: two replicate biofilm samples (G50 BF) and one planktonic sample (G P). Biofilm samples from replicate G50 flasks had 8,046 and 7,651 bacterial reads, which assembled into 34 and 44 contigs, respectively. The predominant bacterial genera present in these replicate samples were species of Pseudomonas (35/34%), Sediminibacterium (18/18%), Phenylobacterium (16/17%), Flavobacterium (13/15%), Burkholderia (6/2%), and Pedobacter (5/6%). The planktonic sample from a G flask had 5,080 bacterial reads, which were assembled into 114 contigs. The same bacterial genera were predominant, as in the biofilm samples, though with different relative abundances (data not shown).
Two samples from K medium (non-juice-containing control) were sequenced: one biofilm sample (K BF) and one planktonic sample (K P). K BF had 136,630 bacterial reads which were assembled into 23 contigs. K P had 81,376 bacterial reads which assembled into 121 contigs. Both of these samples were composed predominantly of Bacillus spp. (data not shown). Bacterial reads classified as Bacillaceae at an RDP bootstrap cutoff of 50% had a relative abundance of 99.9% in K BF and 99.7% in K P.
DISCUSSION
Viability of 'Ca. L. asiaticus' over time. In the present study, culture conditions were defined that reproducibly prolong viability of 'Ca. L. asiaticus' in vitro. In particular, addition of commercially available grapefruit juice to the culture medium allows 'Ca. L. asiaticus' viability to be maintained for at least several weeks without passaging the cultures. Previous attempts to establish an in vitro culture of 'Ca. L. spp.' have yielded evidence of growth (9, 42) , though the culture media were not standardized and the cultures not reproducible. The present study was designed to understand the growth needs of 'Ca. L. asiaticus' by systematically quantifying the viability of 'Ca. L. asiaticus' over time in different types of media.
Selection of media types and culture conditions for 'Ca. L. asiaticus' culture was guided by recommendations for culturing "unculturable" bacteria (47, 54) . The two main strategies responsible for much of the recent progress in culturing previously unculturable bacteria have been identified as (i) reproducing the bacterium's natural environment as closely as possible (47, 54) and (ii) employing co-culture with bacteria from the same environment to supply missing environmental signals or nutritional conditions (47) . The experimental design attempted to implement both of these culture strategies.
Media were selected based on research that suggests that 'Ca. L. asiaticus' may prefer a low-nutrient medium supplemented with an environmental extract (42). King's B, a low-iron medium, was selected for its ability to induce siderophore production in microorganisms, a well-recognized benefit of co-culture (47) . This could improve heterologous iron availability to 'Ca. L. asiaticus', because the presence of high-affinity Fe chelators (e.g., siderophores) in the reduced 'Ca. L. asiaticus' genome (13) is not indicated (5, 53) . Juice-containing media were selected because citrus juice, a more-easily reproducible and obtainable citrus extract, was hypothesized to help maintain viability by providing many of the same nutrients available to 'Ca. L. asiaticus' in the phloem (22) . Fastidious bacteria often prefer dilute nutrient media (54); therefore, diluted versions of the media were tested.
Results show that citrus-juice-containing media sustain 'Ca. L. asiaticus' cell viability for much longer than media without juice. 'Ca. L. asiaticus' cell viability was sustained without transfer to fresh media throughout the 18-day time-series experiments as well as the 2-month biofilm and planktonic fraction experiments. In previous research, cells were passaged at 10 days (9,42), though the percent viability of those cells prior to passage was not reported. Although the possibility of active growth of 'Ca. L. asiaticus' in the experiments presented here cannot be excluded, the maximum observed increase in 'Ca. L. asiaticus' copy number was low, 5 to 15 times relative to the initial concentration. Because 'Ca. L. asiaticus' may grow by septate division (9) , it can Compounds were detected by gas chromatography-mass spectrometry after TMS derivatization (see methods for more details). Glucose, fructose, and sucrose were quantified using external standard, while quinic acid and inositol were estimated relative to glucose. y Retention time. z Values represent mean and standard deviation (n = 3) of concentrations of each compound in the four different media used in this study. K = one-third dilution of King's B medium; J20, J24, J25, and J50 = K combined with 20, 24, 25, and 50% juice (from infected fruit), respectively; G50 = equal parts K and commercial grapefruit juice; and G = 100% commercial grapefruit juice. Different letters in the same row indicate significant difference (P < 0.05) according to one-way analysis of variance and Tukey's test. ND = nondetectable, or below detection limit. be speculated that the observed increases in 'Ca. L. asiaticus' concentration indicate that cells are attempting to divide but require some missing condition or conditions that prevent exponential growth. Similar, reproducible viability trends between J50 and G50 or G media indicate that commercial grapefruit juice purchased at different times is a sufficiently standardized replacement for the harder-to-obtain and more variable pomelo juice. 'Ca. L. asiaticus' in media containing juice also showed evidence of a cyclical growth trend, where viability alternately increases and decreases over time in a sinusoidal fashion, generally for the duration of the experiments. The variable starting concentration of 'Ca. L. asiaticus' cells does not appear to affect these trends. Cyclical or oscillating growth is a feature of bacterial populations attributable to either external (e.g., nutrient inputs or temperature changes) or internal (e.g., changes in readily utilizable substrate) system fluctuations (57) . In a closed system, fluctuations are limited to continual organic matter decomposition and release of nutrients from dead cells (44, 57) . In this study, cyclical growth may be evidence of the latter fluctuation, a phenomenon known as "cryptic growth." Cryptic growth (40) is a secondary growth phase in which cells grow by utilizing lysis products from dead cells, observed in both monocultures (12, 30, 31) and batch cultures (19, 37) . Cryptic growth is not inherently cyclical but cyclical cryptic growth has been observed (14) .
Cryptic growth is more likely to occur in a significant or detectable capacity when cells are under starvation conditions (12, 33, 56) and 90 to 99% of cells have died (56) , presumably due to lack of nutrients. Accordantly, 'Ca. L. asiaticus' cell viability curves in the present experiments often showed a high percent viability loss between oscillation maxima and minima, because media are likely limited in essential components, considering that 'Ca. L. asiaticus' nutritional requirements remain unclear. The presence of other bacteria in 'Ca. L. asiaticus' cultures, indicated here by metagenomic sequencing results, could further exaggerate starvation conditions and contribute to viability fluctuations. In a co-culture model of copiotrophic and oligotrophic bacteria, both groups oscillated in time as availability of the shared substrate changed (58) . Oligotrophs require poor yet precise nutrient conditions to allow them a competitive advantage over copiotrophs (43) . Therefore, modeled population oscillations of these groups are inverse to each other (58), a dynamic also observed between bacteria and bacteriophages (2) . Interestingly, 'Ca. L. asiaticus' has two prophages that can undergo lytic cycle activation in plant hosts to produce phage particles (59) . 'Ca. L. asiaticus' may function in a similar way if interacting with other populations of bacteria (or phages), where opposite trophic strategies produce fluctuating levels of substrate which, in turn, yield fluctuating bacterial populations.
The previously reported co-culture of 'Ca. L. asiaticus' with P. acnes (9) provides evidence that co-culture may serve a useful function in culture of 'Ca. L. asiaticus'. Among other possible benefits, P. acnes produces propionic acid (32) , which would reduce the media pH. The most successful culture media tested in the present study contained citrus juice, which significantly acidified the media. 'Ca. L. asiaticus' appears to benefit from low pH culture conditions. The presence of the metal regulatory system phoP-Q in the 'Ca. L. asiaticus' genome (10) suggests that this bacterium can tolerate the oxidative stress or low pH conditions (20, 28, 29) of juice-containing media, while other bacteria are inhibited. Additionally, though the co-culture of 'Ca. L. asiaticus'-P. acnes grows better under microaerophilic conditions (9), this atmosphere was perhaps needed only by the aerotolerant, anaerobic P. acnes. Though well-characterized genera in the family Rhizobiaceae (Agrobacterium, Rhizobium, and Sinorhizobium) are aerobic, the 'Ca. L. asiaticus' genome contains limited evidence for aerobic respiration (13) . Results from the present study indicate that 'Ca. L. asiaticus' is at least aerotolerant.
'Ca. L. asiaticus' inoculum source. Previous studies on the culture of 'Ca. L. asiaticus' utilized inoculum derived from leaf midveins and petioles (42) or phloem tissue (9) . However, reliably obtaining viable 'Ca. L. asiaticus' inoculum from leaves and petioles may be difficult. Though microscopy has shown that 'Ca. L. asiaticus' cell quantity is inversely correlated to leaf symptomatology, 'Ca. L. asiaticus' DNA can be detected in all stages of infection, suggesting that cells in highly diseased tissues may be nonviable (15) . High concentrations of 'Ca. L. asiaticus' cells in the seed coats and peduncle of fruit from infected citrus trees (21, 49) further indicate that regions of the fruit containing vascular tissues could be a good source of inoculum. Because variable seed maturity sometimes made it difficult to separate the seed coat, entire seed were used to create a 'Ca. L. asiaticus' inoculum, incorporating the seed coat as the inoculum source. Though the 100-µm filter used to remove seed particles for inoculum preparation may not remove all particles, the effect of any remaining particle-associated 'Ca. L. asiaticus' would be even across treatments, eliminating any potential bias.
Monitoring the seed concentrations of 'Ca. L. asiaticus' from one pomelo tree over the course of a year shows that percent viability remains fairly steady, averaging 16% (range of 4 to 34%), comparable with a previous study showing 17 to 31% viability in symptomatic citrus tissues (51). However, a peak in total and viable cell concentrations occurred from September to October, likely reflecting seasonal changes in the rate of phloem transport to the seed vascular bundles. In Spanish Marisol clementine fruit for which the end of anthesis occurred 30 March, maximum phloem cross-sectional area and specific mass transfer in the pedicel occurred mid-June (16) . End of anthesis for most Florida citrus also typically occurs around the end of March, with harvest dates from October to June. Because 'Ca. L. asiaticus' is phloem limited, the phloem provides the only means of bacterial transfer to the seed; therefore, it can be hypothesized that full phloem development occurs prior to peak transfer. Assuming a similar maturation cycle, Mato Buntan pomelo phloem development would be completed several months prior to peak 'Ca. L. asiaticus' concentrations. The process of fruit abscission, which slowly cuts off the vascular nutrient supply to the fruit prior to harvest, may explain the observed decreases in 'Ca. L. asiaticus' populations in the seed from December to April.
Citrus seed bacterial inoculum composition. Because seed of fruit from 'Ca. L. asiaticus'-infected trees have not been used as an inoculum source in published studies of 'Ca. L. asiaticus' culture (9, 42) , the present study sought to further characterize the seed-derived 'Ca. L. asiaticus' inoculum via next-generation sequencing. Despite high percentages of reads of chloroplast and mitochondrial origin, a common difficulty when amplifying plant bacterial communities (38) , sufficient bacterial reads were obtained for accurate identification of the major genera. As anticipated, 'Ca. L. asiaticus' was the primary bacterial component of the seed inoculum (54%), as shown previously for leaf midribs (41), phloem (52) , and roots (50) of 'Ca. L. asiaticus'-infected citrus plants. There were also significant amounts of other bacteria in the seed, including Flavobacterium, Pedobacter, and Bacillus spp. Flavobacterium and Bacillus are two of the most frequently isolated culturable bacterial genera in seed (25, 34) and their families, Flavobacteriaceae and Bacillaceae, respectively, were detected in 'Ca. L. asiaticus'-infected citrus leaf midribs (41) . Also, it has been shown that relative abundance of bacteria in the phylum Bacteroidetes, to which the genera Flavobacterium and Pedobacter belong, is significantly higher in 'Ca. L. asiaticus'-infected than uninfected citrus roots (50) . The presence of other bacteria besides 'Ca. L. asiaticus' in the inoculum is significant. If cultured alongside 'Ca. L. asiaticus' in vitro, other microflora could contribute metabolic byproducts, siderophores, quorum-sensing molecules, or other environment-modifying components that could affect (47, 54) , either positively or negatively, the culture of 'Ca. L. asiaticus' from seed inoculum.
Bacterial biofilm and planktonic fraction characterization. Fluorescent microscopy indicated that a true biofilm was formed during these experiments. Further biofilm characterizations via 'Ca. L. asiaticus'-specific qPCR and sequencing of the bacterial metagenome indicated that 'Ca. L. asiaticus' is present in the biofilm found in juice-containing media but it is not the predominant bacterium. The same was true for the bacterial community in the planktonic fraction of the juice-containing media, which contained the same bacterial genera but at different relative abundances. Interestingly, the biofilm and planktonic fractions from medium K cultures, which did not prolong viability of 'Ca. L. asiaticus', had only a monoculture of Bacillus. The diverse bacterial community supported by media containing juice may help promote the prolonged viability and growth of 'Ca. L. asiaticus' through physical protection or the production of environment-modifying components, as previously discussed, but further research is necessary to confirm this.
Media characteristics supporting 'Ca. L. asiaticus' viability. Comparison of media chemical compositions showed that media that contained citrus juice and supported 'Ca. L. asiaticus' viability were more abundant in essential mineral elements. The only high-affinity mineral element transport systems encoded in the reduced 'Ca. L. asiaticus' genome are for Zn and Mn (10, 53) . This indicates that 'Ca. L. asiaticus' may have a special requirement for Zn and Mn, both of which are limited in K medium. Only Na, an element nonessential for bacterial growth, and S, abundant in amino acids (e.g., methionine) in the K medium carbon source, were reduced in juice-containing media. Amino acids for which 'Ca. L. asiaticus' is proposed to be auxotrophic (tryptophan, tyrosine, leucine, isoleucine, and valine) (13) were at similar concentrations among all media, satisfying basic growth requirements. 'Ca. L. asiaticus' is able to utilize all the amino acids found in higher abundance in G than K (alanine, aspartate, serine, and proline) (13) . Sugars (fructose, glucose, inositol, and sucrose), some amino acids (γ-aminobutyric acid), and organic acids (succinic, malic, citric, and quinic acids) were nondetectable in K; therefore, their role in 'Ca. L. asiaticus' viability needs further examination. Juice from infected (pomelo) and healthy (grapefruit) fruit, although not directly comparable, differ in some components previously identified as deficient in 'Ca. L. asiaticus'-infected trees. The significant depletion of P in medium J50 is likely symptomatic of 'Ca. L. asiaticus' infection in the source material, because a recent study found a 35% reduction in P in 'Ca. L. asiaticus'-infected versus healthy citrus trees (60) . Deficiencies found here in sugars (glucose and sucrose) and amino acids (proline) in juice from infected fruit corroborate previous reports on symptomatic citrus fruit (1, 39, 45) , which may indicate a need of 'Ca. L. asiaticus' for these components.
Conclusions. This study demonstrates that culture media containing commercially available citrus juice are superior for prolonging the viability of 'Ca. L. asiaticus' in vitro. Conditions such as lower pH, presence of sugars, abundance of specific mineral elements and amino acids, and, possibly, the presence of other microflora may contribute to 'Ca. L. asiaticus' viability. This study also shows that citrus seed coats provide a good source of viable 'Ca. L. asiaticus' inoculum that can be used for further exploration of 'Ca. L. asiaticus' culture. This information should be taken into consideration when designing possible culture media for 'Ca. L. asiaticus'.
